Species of the families Mytilidae (sea mussels) and Unionidae (fresh water mussels) contain two types of mitochondrial DNA (mtDNA), the F that behaves as the standard animal mtDNA and the M that is transmitted through the sperm and establishes itself only in the male gonad. The two molecules have, therefore, separate transmission routes, one through the female and the other through the male lineage. The system has been named doubly uniparental inheritance (DUI). Another important feature of sea mussels is that the sex ratio among offspring of a pair mating is determined by the female parent only. The mechanism of DUI remains unknown. One hypothesis that is consistent with all observations is that the standard maternal inheritance was modified in mussels via the evolution of a suppressor gene that is expressed during oogenesis and has two alleles, the inactive and the active allele. In the presence of the active allele in the mother's genotype the egg is supplied with a substance that interferes and the normal mechanism of elimination of sperm mitochondria. This will explain why half of mussels have the father's mtDNA and half do not, but would not explain why presence/absence of paternal mtDNA is linked with the male and female gender, respectively. To provide an explanation for this linkage, one would have to assume that there is a causal relationship between retention of paternal mtDNA and sex determination.
Uniparental transmission of organelle DNA: a universal rule
The genetic information in present-day eukaryotic cells is found either in the nucleus or in cytoplasmic organelles. Among the most important differences between nuclear and organelle genomes are: the vastly larger information content of the first versus the second, the dependence of the second on the first for replication, transcription and translation, the unidirectional transfer of information from the second to the first during the evolution of eukaryotic cells, and the biparental transmission of the first versus the uniparental transmission of the second. Most, if not all, of these differences might ultimately be shown to be related in a cause-effect manner. This paper will deal only with the last of the four differences and will use it as point of departure for the presentation of the main features of one rather unusual mitochondrial DNA (mtDNA) system that has been best studied in the sea mussel Mytilus and has become known as doubly uniparental inheritance (DUI) (Zouros, 1994a) .
The transmission of mtDNA is in most cases maternal, i.e. mtDNA is transmitted only through the female gamete, the egg. In face value, this might represent a matter of convenience: since the egg is the larger of the two gametes and since mitochondrial action is necessary for the fertilized ovum immediately after fertilization, the female egg would have to evolve as the main carrier of mtDNA. This explanation would not, however, give an answer to why organelle DNA inheritance is uniparental in isogamic species (species in which there is no size difference between uniting gametes). For example, in Chlamydomonas reinhardtii mtDNA is transmitted through the minus-type gamete and chloroplast DNA (cpDNA) through the plus-type. It is also contradicted by the fact that in redwoods both the mtDNA and cpDNA are transmitted through the pollen, in angiosperms both are transmitted through the ovum, and in all conifers except redwoods the mtDNA is transmitted though the ovum and the cpDNA through the pollen (Neale et al., 1989) . Finally, it will not follow from this explanation why the sperm mitochondria are either prevented from entering the egg or if entered are actively eliminated from the zygote's mtDNA pool (Birky, 1995) . Indeed, the prevailing view is that uniparental organelle transmission is not the result but rather the cause of anisogamy (Hoekstra, 1987) .
Why should organelle DNA be inherited uniparentally? Whereas the question appears to make sense, it would pay to realize that uniparental inheritance should be viewed as the rule and biparental inheritance as the exception. The latter occurs in a stable way only when there exists a mechanism that imposes an equal representation among the allelic variants of the cell. This mechanism is known as meiosis. Biparental inheritance with unequal representation in the gamete pool of the two (or more) co-segregants (or "alleles") would be unstable and the system would collapse to uniparental inheritance (unequal sexratios constitute obvious exceptions that can be understood as results of unequal parental investment in the two sexes). In the case of cytoplasmic DNA there is no mechanism which would force the daughter cells to receive equal amounts of two or more variants of mtDNA or cpDNA that exist in the mother cell. If a variant multiplies faster within the mother cell, it will quickly eliminate the other variant after a few rounds of cell division. If that variant happened to be mildly deleterious for the cell (for example a deletion in an mtDNA molecule might make the replication of the molecule faster, but it might also make the cell that contains such molecules less fit), the conflict between the two levels of selection (organelle versus cell) will most likely drive the cell line to extinction. If before it got extinct this cell line fused with another cell line, it will contaminate it with the fast multiplying but deleterious organelle DNA and predispose it to extinction. But if fusion of cell lines is impossible, then only the line with the deleterious organelle DNA will get extinct, carrying with it the deleterious mutation. Uniparental inheritance has eliminated biparental inheritance as a mode of cytoplasmic DNA transmission because it forces a deleterious mutation to remain within the lineage it arose, whereas biparental inheritance allows the mutation to spread quickly through the population.
The apparent exception of Mytilus mtDNA
Given the universality of the rule of uniparental transmission of organelle DNA, the discovery that in pair matings of the mussel Mytilus edulis a large fraction of progeny carried the mtDNA of both parents was a surprise (Zouros et al., 1992) . In a previous study it was observed that heteroplasmy was common in populations of this species and that the incidence of heteroplasmy was higher among males (Fisher and Skibinski, 1990) . Heteroplasmy was known to occur in many animals species, but a sex bias in its rate of occurrence was a new observation. A second study did not examine heteroplasmy with relation to sex, but instead focused on the amount of molecular differentiation between the molecules for which an individual mussel was heteroplasmic (Hoeh et al., 1991) . This amount was unusually large (more than 20%) and could not be explained by gradual accumulation of mutation in the two genomes while in a state of heteroplasmy. It appeared more reasonable to assume that the two molecules came in the same individual from two preexisting lineages that had been differentiating for long time. The only obvious way that two such molecules could converge into the same individual was by way of egg and sperm, i.e. through biparental inheritance. Taken together all these observations seemed to suggest that biparental inheritance is common in mussels, but for some reason this was more common for males than females.
Much of the puzzle was resolved with the studies of Skibinski et al. (1994a Skibinski et al. ( , 1994b and Zouros et al. (1994a Zouros et al. ( , 1994b . The first authors examined the mtDNA content of somatic tissues of female and male individuals and also of female and male gonads. They observed that males contained the mtDNA of females (a molecule that was called F), but in addition they contained another molecule that was not normally found in females (a molecule that was called M). The female gonad contained, unsurprisingly, the F molecule but the male gonad contained, surprisingly, only the M molecule. To explain the homoplasmy of females and the heteroplasmy of males one had to hypothesize that the sperm mtDNA was not transmitted to the daughters of a pair-mating, but it was transmitted to the sons. The second authors provided direct proof of this hypothesis. They produced pair-matings in which the three parental mtDNA genomes, the one of the female parent and the two of the male parent, could be distinguished from each other. They could also recognized the genome the male parent had inherited from his own father. When they sexed and genotyped the progeny of these crosses they observed that, with almost no exception, all female progeny had inherited the mother's single mtDNA genome and all male progeny had inherited two genomes: the mother's and the father's parental genome. The father's maternal genome was not passed to any offspring, male or female.
This mtDNA transmission system appears at first to violate the rule of uniparental inheritance, since one sex, the male, receives mtDNA from both parents and is, therefore, an obligatory heteroplasmic. At the level of the male mussel mtDNA inheritance is indeed biparental. The violation does, however, vanish if we realize that in mus-sels there exist together two independently segregating mtDNA genomes. The F is transmitted from mothers to both sexes, but is transmitted to the next generation only through the daughters, just as in the standard mode of maternal inheritance that is universal in the animal kingdom. The M is transmitted from fathers to sons only. Thus both genomes are uniparentally transmitted, each through a different sex. For each genome the rule of uniparental transmission applies, simply in mussels it operates through two routes. For this reason the system has been called doubly uniparental inheritance (DUI) (Zouros et al., 1994a) .
Features of DUI about which we have some answers
Once the basic mechanism of transmission was understood several questions about the mussel mtDNA system could be immediately answered. One of these was the high rate of heteroplasmy and its concentration among males. Others questions, whoever, demanded further research and elaboration. For example, is the sperm mtDNA eliminated from the female-to-be embryo after its entrance or is somehow prevented from entering the egg? are the F and M molecules equally represented in all male tissues? how much should the F and M molecules have diverged from each other?
A direct answer to the first question is difficult to obtain because detection of mtDNA in early embryos necessitates the destruction of the embryo at a stage when its sex is unknown. Indeed, the problem is even worse because direct sex determination in mussels is possible only in adults and then only when they carry a mature gonad. The problem was bypassed by taking advantage of the fact that the sex ratio of progeny may differ drastically among female mussels (Saavedra et al., 1996) . Samples of larvae from pair-matings were scored for presence of M mtDNA at the age of 18 hours and 24 hours, whereas other samples from the same sibship were grown to maturity. All larvae contained the M molecule at the age of 18 hours, irrespective of their mother. At the age of 24 hours some larvae were positive for M and others were negative, and the negative to positive ratio varied among mothers, being much higher in mothers that produced very few sons. This is evidence that sperm mtDNA enters all eggs and is subsequently eliminated from the female embryo and that the process of elimination is completed within the first 24 hours past fertilization.
The question of the distribution of M and F molecules within the male organism was not explicitly addressed in the studies of DUI. We now know (Garrido-Ramos et al., 1998 ) that male somatic tissues are dominated with the F molecule. Traces, however, of M can be found when sensitive assays are applied, which suggest that the mechanism which is responsible for the sequestration of the M molecule into the male gonad is not exact. The mechanism remains unknown, but one way to a get an insight would be to ask if there is variation in the amount of M, whatever small, in different somatic tissues. It is more surprising that traces of M were found in some tissues of some female individuals, which in turn suggests that the mechanism of the elimination of sperm mitochondria from the female-to-be egg is also not infallible.
With regard to the third question, it was obvious that a certain degree of molecular divergence is to be expected between F and M lineages owing to their independent transmission routes. Yet the degree of divergence that was actually observed (more than 20%) is rather high (Skibinski et al., 1994b; Rawson and Hilbish, 1995; Stewart et al, 1995) , almost of the same size as that between avian and mammalian mtDNA. One has to assume that either the split of the two genomes from their common ancestor is very old or that the molecules have been evolving at a high rate. Phylogenetic studies showed that the F/ M split is indeed older than the species of the genus Mytilus (i.e. older than 10 MY), yet younger than the genera of the family Mytilidae (100 MY) (Hoeh et al., 1996a) , which suggests that the two molecules are accumulating differences at a higher rate than expected for animal mtDNA. A comparison with a wide spectrum of animal mtDNA suggested that, indeed, the mussel mtDNA evolves faster and that among the two lineages the M lineage evolves faster than the F (Hoeh et al., 1996b) . Several explanations have been suggested, among which one is that the rate of divergence is proportional to the relaxation of selective constraint on the molecule (Stewart et al., 1996) . The interesting feature of this hypothesis is that it succeeds to explain not only why does the M molecule evolve faster than the F, but also why both F and M evolve faster that the standard uniparentally inherited mtDNA. If gonad and soma of the two sexes are considered each as a different terrain in which the mtDNA has to perform, the standard mtDNA has to perform well in all four terrains, the F molecule has to perform in three (it is not present in the male gonad), and the M molecule in only one (it is present only in the male gonad).
Features of DUI about which we have no answers
Some findings that emerged unexpectedly in the process of studying DUI in mussels remain unexplained and may hold the key into understanding how does DUI work. The first of these is the strong sex-ratio bias among pair matings. The second is the occasional invasion of the male transmission route by the F molecule.
Within a set of only 24 factorial crosses involving 5 females and 5 males Saavedra et al. (1997) found families that consisted almost entirely of daughters and families in which sons comprised more that 85% of the progeny. Other crosses had intermediate sex-ratios. The same female parent produced the same sex-ratio regardless of the male to which it was mated, thus the sex-ratio appears to be entirely determined by the female parent. In mussels we know nothing about sex determination, except that the species is gonochoristic but with a relatively high rate of incidental hermaphroditism (about 1%). It is also known that in natural populations the sex ratio is around 50%, even though no small populations were examined in this respect nor there have been systematic studies of sex ratio in different age intervals. Even though there is no direct evidence that the female-dependence of sex ratio is linked to DUI, the fact that both these phenomena are exceptional, that occur in the same organism and that DUI is sex-dependent makes the connection most likely. The hypothesis that was put forward by Saavedra et al. (1996) is that the mechanism of elimination of sperm mtDNA from the female-to-be embryo in mussels involves an interaction between a cytoplasmic factor and a factor residing in the outer surface of sperm mitochondria, which is in principle the same mechanism suspected for mammals (Shitara et al., 1998; Sutovsky et al., 1999) . One way to explain why the sperm mitochondria are not expelled from male-to-be embryos is to assume that the egg factor is suppressed by a nuclear locus that is expressed during oogenesis and which has an active and an inactive allele. A homozygous female for the active allele will produce eggs in which the sperm recognition factor will be blocked and, therefore, sperm mitochondria will be retained. A homozygous female for the inactive allele will produce eggs in which the suppressor will be absent, so that elimination of sperm mitochondria will proceed as in any other animal species. Heterozygous females will represent an intermediate state. This will explain why some female produce offspring most of which carry no M mtDNA, others produce offspring most of which carry this molecule and others produce offspring of both types. But it will not explain why the progeny of the first type of females will be daughters and of the second will be sons, unless retention of sperm mitochondria is a condition for maleness, which is what Saavedra et al. (1997) 
This is a bold hypothesis because it implies that a mitochondrion-carried factor is involved in sex determination. At this point the important distinction is whether the presumed factor is encoded in the M mtDNA molecule or is a component of the mitochondrion surface. In the latter case it may most likely be coded by a nuclear gene that is expressed during spermatogenesis. Thus the system appears to have two phases: the sperm mitochondrion recognition phase, whose end result is either the expulsion or the retention of the mitochondria of the sperm, and the masculinization of the embryo phase which follows the retention of sperm mitochondria. The first phase must be viewed as a modification of the mechanism that occurs universally in the animal kingdom and results in the unconditional elimination of sperm mitochondria. The modification would consist either in the establishment of an active/inactive polymorphism at a locus that in other animals is monomorphic for the active allele, or (which is more likely) in the evolution of a suppressor locus with an active and an inactive allele (Fig. 1) .
It is even more difficult to speculate about the masculinization phase. The facts that must be taken into account here are a) that, even if not expelled, the sperm mitochondria represent at the beginning a small minority against the egg mitochondria, b) that in other animals there is no mitochondria multiplication in the early divisions of the fertilized egg and c) that the sperm mtDNA is ultimately confined in the male gonad, with only traces of it found in the somatic tissues. All these suggest a complex developmental process that must be different from that in other animals and about which we have currently no idea.
The second important observation about DUI in mussels is that F molecules may assume the role of the M molecule. A common observation in population studies of mussel mtDNA is that occasionally one encounters male individuals that lack a typical M molecule. These males appear either as homoplasmic for an F molecule (i.e. they appear to have inherited mtDNA only from their mother), or they appear to carry two molecules both of which belong to the F family of mtDNA molecules. Males that contain no M molecules apparently pass on to their male progeny an F-like molecule which from then one behaves as an M, even though in terms of DNA sequence is much closer to the typical F than to the typical M molecule. This phenomenon has been called "masculinization" of the F molecule. Masculinization is not only an observation we find when examining gonads of conspecific males, but it also a necessary assumption to explain phylogenetic patterns of mtDNA molecules drawn from different species, genera or families with DUI (Hoeh et al., 1997) .
How does the phenomenon of masculinization come about? First, the sperm mitochondrial DNA may often get lost during development. If this occurred before the zygote is "turned" into male, the result will be that the individual will develop into a female. If it occurred after the zygote is turned into male, then the maternally inherited F molecule may assume the role of the M. We do not know if this is always possible. If it is, it would mean that there is no molecular difference between M and F genomes that will affect either the recognition or the masculinization phase. On the other hand, we may maintain the hypothesis that there are certain characteristic differences in the sequence of the two mitochondrial genomes that are responsible for their different behavior. In this case not any F molecule might be capable of assuming the role of M, except if it acquired those specific sequence differences from a typical M molecule. In turn, this possibility suggests, first that these sequences may not be long Fig. 1 . Schematic presentation of the proposed mechanism of the fate of sperm mitochondria in the fertilized egg and subsequent sex determination. Factor W is assumed to be produced during spermatogenesis and labels the sperm mitochondrion. Factor X is produced during oogenesis. The interaction between X and W results in the elimination of sperm mitochondria from the egg. The W/X mechanism of sperm mitochondria recognition is assumed to be universal in the animal kingdom. Factor Z is a feature specific to animals with doubly uniparental inheritance (DUI). It is controled by a nuclear gene that is expressed during oogenesis and segregates in the population for two alleles, the active allele Z and the inactive allele z.ZZ females produce the factor, zz do not, and Zz produce it in intermediate quantities. Factor Z inactivates factor X (or, alternatively, interacts with factor W and prevents factor X from eliminating the sperm mitochondria). The hypothesis proceeds to assume that female is the default sex in animals with DUI and that retention of sperm mitochondria sets up a mechanism that leads to the masculimization of the embryo.
or distributed along the whole molecule and second that the most likely way they may be transferred from an M to an F molecule is through recombination. Whereas mitochondrial DNA recombination was until recently believed not to occur, recent reports have made this possibility likely. In the case of the mussel, the possibility is even larger given that F and M molecules coexist regularly in the male embryo.
Is there a general message in DUI?
One question for which we have a very limited answer is how wide spread the phenomenon of DUI is. The only other family in which, we are sure, the phenomenon exists is the freshwater mussel family Unionidae (Liu et at. 1996) . In spite the fact that Mytilidae and Unionidae share the same common name "mussels", they are distant relatives estimated to have separated about 400 million years ago. Clams, scallops and oysters do not appear to have DUI, even though no systematic attempt has been undertaken for its detection. The occurrence of DUI in Mytlidae and Unionidae suggests either that the phenomenon is very old or that DUI may have emerged independently more than once (Hoeh et al., 1996) . The latter assumption would suggest that the switch from standard maternal inheritance to DUI might have a simple genetic basis, which appears unlikely given the intricate relationship between transmission of the two mtDNA lineages and sex determination. If we accept that DUI arose only once, then its absence from other groups of bivalves has to be explained by secondary loss.
It would make sense to assume that DUI is a derivative state of maternal inheritance than vice versa. This follows from the fact that one of the two genomes, the F, behaves exactly as a standard mitochondrial genome with maternal inheritance. It is transmitted from the mother to both sexes, it cannot be transmitted through the male parent and is the mtDNA molecule of the somatic tissues of both sexes. DUI can then be seen as a successful rebellion of sperm mtDNA against egg mtDNA. The evolution of DUI from maternal inheritance must have involved two major phases, the subversion of the recognition mechanism of sperm mitochondria by the egg and the modification of the sex-determining mechanism, so that maleness would depend on the presence of the sperm mtDNA. It is difficult to say from what we know at present about DUI which of the two phases occurred first or if both occurred simultaneously. If dependence of maleness on presence of sperm mtDNA evolved first, then an unconditional subversion of the recognition system would result in all male embryos and population extinction. One solution would be to evolve toward asexual reproduction. The other would be the emergence of a gene that will restore recognition and rejection of sperm mitochondria. Because this gene will cause femaleness in an all-male population it will very quickly rise and equilibrate at about 50% in the population. The evolution of two lineages of mitochondrial genomes, one of which is inherited through the female and the other through the male parent, seem to be stable once evolved, provided that there is a causal and not simply a coincidental co-occurrence of maleness and presence of the maleinherited genome. It is obvious that when the details of this exceptional mechanism of transmission of cytoplasmic inheritance is understood we will have understood much better how the standard uniparental mechanism has evolved and how it operates.
